ABSTRACT: In this study, the solubilization of poor water-soluble drugs using N-acyl, O-acyl-N-trimethyl chitosan chloride (ATMC) micelles as a carrier system was investigated. Three series of ATMCs were synthesized by N-trimethyl chitosan chloride (TMC) with substitutions of 21.3, 44.8, and 45.2% as start material grafting five different long-chain saturated fatty acids (C 10 -C 18 ), and characterized by 1 H-NMR, 13 C-NMR, and FT-IR spectra, respectively. The degree of long-chain acyl group of ATMC was $8.1%. These ATMC micelles self-assemble and were used to encapsulate the poorly soluble drug, Cyclosporine A. These assemblies were prepared by a dialysis, wherein the drug loading capacity of the ATMC micelles ranged from 9.6% to 17.1% and encapsulation capacity ranged from 35.8% to 69.8%, with the mean micellar particle size of 288 nm. The critical micellar concentrations of the 70,000 Mw ATMC2 were 0.028-0.038 mg/mL. Nanoscale near-spherical ATMC micelles were observed by transmission electron microscopy. Additionally, the chitosan derivatives with a high methylation degree, mediumsized long-chain acyl groups (C 14 ) and large molecular weight had the most effective capacity for loading Cyclosporine A. These ATMC micelles are being investigated as carriers to improve oral administration absorption of poorly permeable drugs.
INTRODUCTION
T he problem of poor water-soluble drugs is that it restricts their clinical application and effective strategies to overcome this limitation are required. Recently, the polymeric micelles, formed by amphiphilic copolymers, are being investigated to conquer this problem by encapsulating the poorly soluble agents [1] . In aqueous media, amphiphilic copolymers spontaneously assemble to form a micellar structure above their critical micelle concentration (CMC) with hydrophilic shell and hydrophobic core. This allows poorly soluble drugs to be encapsulated within the hydrophobic inner core [2] . In a sense, micelles can sufficiently enhance the water solubility and bioavailability of various poorly soluble drugs. The immunosuppressant drug, Cyclosporine A (CyA) is a hydrophobic drug that has low bioavailability after oral administration due to its poor solubility.
Chitosan, a natural aminopolysaccharide obtained by hydrolysis of chitin, is a pharmaceutical excipient for drug delivery because it has favorable biological properties, such as biocompatibility, biodegradability, positive charge, nontoxicity, and bioadhesivity [3] [4] [5] . However, in spite of many reported successes, the major drawback of chitosan is its poor solubility at physiological pH, whereas it is soluble only in acidic environments with pH values lower than 6.0; this limits its application in the pharmaceutical field. Several efforts have been made to chemically modify chitosan and numerous derivatives of chitosan have been synthesized to meet the requirements for drug delivery systems [6] [7] [8] [9] , such as peroral peptide delivery systems [10] [11] [12] because of their permeation enhancing effect, enzyme inhibitory capabilities, and mucoadhesive properties.
N-Trimethyl chitosan chloride (TMC), a partially quaternized chitosan derivative, is soluble in the entire pH range. It has been used as an absorption enhancer for peptide drugs by opening the tight junctions between epithelial cells, thereby facilitating the paracellular transport of hydrophilic compounds and peptide drugs [13, 14] . However, TMC is a hydrophilic polymer which lacks any hydrophobic segments, so that it does not form micelles for solubilization in aqueous media. Therefore, hydrophobically modified TMC were constructed by chemically conjugating the hydrophobic segments to the hydrophilic TMC backbone.
In previous work, we reported that the chitosan-based amphiphilic polymer N-octyl-O-sulfate chitosan was a safe polymeric material to load paclitaxel which improved drug solubility, prolonged drug circulation time, and reduced drug toxicity [15, 16] . Herein, we report a series of novel TMC-based amphiphilic polymer, N-acyl, O-acyl-N-trimethyl chitosan chloride (ATMC), by coupling long-chain saturated fatty acids, such as decanoic acid, lauric acid, myristic acid, palmitic acid, and stearic acid as hydrophobic segments since they are widely available and are potentially safe permeation enhancers for peptides and nonpeptides [17] . Several chitosan derivatives were synthesized and their structures were fully confirmed by 1 H-NMR, 13 C-NMR, and FT-IR spectra. The AMTC micelles, composed of a hydrophilic shell of TMC and hydrophobic cores of the long-chain acyl groups, through a dialysis method. The hydrophobic drug, CyA, was successfully loaded into the AMTC micelles; the loading capacity (LC), encapsulation capacity (EC), and micelle particle size were determined. Based on the experimental results, the relationship between the structural properties of chitosan derivatives (such as molecular weight, methylation degree and different hydrophobic segments) and micellar drug-loading were determined.
MATERIALS AND METHODS

Materials
Two different chitosan samples were provided by the Nantong Suanglin Biochemical Co. Ltd (China) with deacetylation degrees of 92% (DA ¼ 8%) and viscosity average Mw of 70,000 and 29,000. Pyrene was purchased from Fluka Company (499%). Long-chain saturated fatty acids were from Sinopharm Chemical Reagent Co., Ltd (China). Cyclosporine A (CyA) was supplied by IVAX Pharmaceuticals s.r.o. (499%) Czechoslovakia). All commercially available solvents and reagents were used without further purification.
Synthesis of N-trimethyl Chitosan Chloride
TMC polymers were synthesized by reductive methylation of chitosan by the chemical reaction between chitosan and iodomethane in the presence of sodium hydroxide according to the method described by Sieval [9] . The reaction depicted in Scheme 1 was repeated several times with the product obtained from previous step to obtain TMC 
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with different degrees of methylation. So N-trimethyl chitosan chloride with low methylation (70,000 TMC1) was gained by a one-step synthesis of methylation while N-trimethyl chitosan chloride with high methylation (70,000 TMC2 and 29,000 TMC2) were prepared by a two-step synthesis of methylation.
Synthesis of N-acyl, O-acyl-N-trimethyl Chitosan Chloride
A 100 mL three-neck flask, equipped with a reflux condenser and a dropping funnel, was loaded with decanoic acid (3.7 g, 22 mmol) and heated at 848C with an oil bath to melt the acid [18] . A mixture of thionyl chloride (SOCl 2 , 7.85 g, 66 mmol) and dimethyl formamide (DMF, 0.5 mmol) was added slowly at 848C within 30 min. After 5 h the product was recovered by removing the excess SOCl 2 under vacuum conditions. The average product yield was $95%.
The synthetic route leading to 70,000 ATMC1s from 70,000 TMC1 (Scheme 2) was as follows: 70,000 TMC1 (1.0 g, 6 mmol) was dissolved in 30 mL of the aqueous solution with trifluoroacetic acid (0.1 mL, 1.3 mmol) [19] and the acetone (80 mL) was added under intense stirring. Pyridine (3.9 g, 44 mmol) dissolved in acetone (40 mL) was first added dropwise into the mixture and then a solution of decanoyl chloride (40 mmol) obtained by the above method in acetone (40 mL) was loaded later on. The reaction lasted for 12 h and then the mixture was poured into ice water, subsequently the suspension was filtered and the filter liquor was extracted by diethyl ether for 5 times, dialyzed by dialysis membranes (MWCO, 10,000) against distilled water for 3 d, and lyophilized further. Ultimately, 70,000 TMC1DG was obtained. 70,000 TMC1LG, 70,000 TMC1MG, 70,000 TMC1PG, and 70,000 TMC1SG were also gained by the same process of 70,000 TMC1 with lauric acid, myristic acid, palmitic acid, and stearic acid, respectively. The synthetic route leading to 70,000 ATMC2s from 70,000 TMC2 (Scheme 3): 70,000 TMC2 (1.0 g, 6 mmol) was dispersed in 60 mL of dimethylsulfoxide (DMSO) with magnetic stirring for 2-3 h, then 4-dimethylaminopyridine (DMAP, 4 mmol) and triethylamine (TEA, 22 mmol) were added, respectively. Decanoyl chloride (22 mmol) was added dropwise into the mixture which was cooled in an ice-water bath [20] . After 0.5 h, the reaction mixture was allowed to come to ambient temperature with continual stirring for 12 h. The mixture was then poured into ice-water and the suspension was filtered, the filter liquor was extracted 5 times with diethyl ether, dialyzed by dialysis membranes (MWCO, 10,000) against distilled water for 3 d and freezedried. The 70,000 TMC2DG was obtained with 8.8% DS of decanoyl. Subsequently, 70,000 TMC2LG, 70,000 TMC2MG, 70,000 TMC2PG, and 70,000 TMC2SG were synthesized using the same procedure of 70,000 TMC2 with lauric acid, myristic acid, palmitic acid, and stearic acid, respectively.
The 29,000 TMC2DG, 29,000 TMC2LG, 29,000 TMC2MG, 29,000 TMC2PG, and 29,000 TMC2SG were also prepared using the same reaction of 29,000 TMC2 with decanoic acid, lauric acid, myristic acid, palmitic acid, and stearic acid, respectively. 
Characterization of Chitosan Derivatives
Measurement of the CMC
The CMC of the 70,000 ATMC2 was determined by using pyrene (Fluka, 499%) as a hydrophobic probe in fluorescence spectroscopy (Shimadzu RF-5301 PC, Japan) [21, 22] . Briefly, pyrene in acetone was added to a series of 10 mL vials and the acetone was evaporated at room temperature, 5 mL of various concentrations of 70,000 ATMC2 solutions (2.5 Â 10 À4 À1 mg/mL) were added to the vials (the final concentration of pyrene was controlled to 6 Â 10 À7 M). The vials were then sonicated for 30 min at ambient temperature. The sample solutions were heated at 658C for 3 h to equilibrate the pyrene and the micelles and then left to cool overnight. Fluorescence excitation spectra were measured at the emission wavelength of 390 nm, and excitation wavelength was in the range of 300-360 nm, with excitation band width at 3 nm and emission band width at 5 nm. Based on the pyrene excitation spectra and red shift of the spectra with 70,000 ATMC2 concentrations increasing, the CMCs of the 70,000 ATMC2 were measured.
Preparation and Characterization of Polymeric Micelles of CyA
The ATMC polymeric micelles formed by self-assembling in a diluted aqueous solution. Poorly soluble drug CyA was loaded entrapped in the ATMC micelles through the following steps [23] : 10 mg ATMC in 4 mL distilled water were stirred $2 h at room temperature for full dissolution; then 3 mg of CyA, dissolved in 200 mL of ethanol, was added dropwise into the aqueous ATMC solution with stirring, followed by dialysis against distilled water overnight by in dialysis membranes (MWCO, 10,000). The micellar solution was then centrifuged at 4000 rpm for 10 min and filtered through a 0.8 mm pore-sized microfiltration membrane to remove the residual CyA. The diameter and polydispersity (V) of the polymeric micelles were measured by Zetasizer 3000HS instrument (Malvern Instruments, Malvern, UK) with 633 nm He-Ne lasers at 258C. The micellar solution was placed on a copper grid coated with framer film and transmission electron microscopy (TEM) analysis was performed using the micellar solution with a JEM-200CX (JEOL Ltd Japan).
Determination of CyA by HPLC Analysis
The amount of CyA encapsulated in the micelles was determined by HPLC (Agilent 1100, Agilent, Germany) using a Diamohsil TM C 18 column (250 Â 4.6 mm, 10 mm particle size) [24] . The mobile phase consisted of methanol: water: phosphoric acid (90:9.8:0.2, v: v: v) and the HPLC was performed with a flow rate of 1.0 mL/min, with a column temperature at 558C and a detection wavelength of 210 nm (Agilent 8453, UV detector, Agilent, Japan). The injected volume was 20 mL for all samples tested and the retention time of the CyA was 4.3 min. The drug LC and encapsulation efficiency (EE) of polymeric micelles of CyA:
where C, V, W ATMC , and W CyA represented the CyA concentration of micelle solution, the volume of micelle solution, the weight of micelles after freeze-drying and the weight of CyA feeded, respectively.
RESULTS AND DISCUSSION
A series of N-trimethyl chitosan chloride (TMC) derivatives were prepared for evaluation for micelle formation and loading. The synthesis of TMC was completed by methylating chitosan with iodomethane in the presence of base as described in Scheme 1. The corresponding long-chain saturated fatty acids, decanoic acid, lauric acid, myristic acid, palmitic acid, and stearic acid were conjugated to the TMC backbone as hydrophobic segments to afford 15 ATMC derivatives. These were divided into three series 29,000 ATMC2s, 70,000 ATMC1s, and 70,000 ATMC2s. For each series of derivatives, a specific procedure for each reaction was adopted to obtain the polymer with similar degree of methylation and degree of acyl substitution. It was noted that due to the introduction of the long-chain acyl groups with the quaternary amino group on the chitosan backbone, that the inter-or intra-molecular hydrogen bonding of chitosan was disrupted and that the crystallinity was weaken as well increasing the solubility of polymers in water [25] . All of the polymers obtained were purified by dialysis against water and freeze-dried. Structures were confirmed by 1 H-NMR, 13 C-NMR, and FT-IR analysis.
The degree of quaternization (DQ%) of TMC was determined according to the following Equation [26] : H-NMR spectrum of the 70,000 TMC1, obtained from the onestep methylation, resonance a peak at 3.3 ppm, for the N þ (CH 3 ) 3 protons [9] , was used to calculate the DQ of 70,000 TMC1, which was 21.3%. Additionally, the DQ of the TMC polymers increased with the number of reaction steps used in the synthesis procedure. Taking into account the fact that the TMC polymers with various DQ display different physiochemical properties, the reaction of methylation with the TMC1 was repeated to a two-step methylated chitosan (TMC2) to synthesize the TMC polymers (70,000 TMC2 and 29,000 TMC2) with high DQ. The NMR signals at 3.4 ppm were attributed to N þ (CH 3 ) 3 , DQ of 70,000 TMC2 and 29,000 TMC2 were 44.8% and 45.2%, respectively.
The successful conjugation of long-chain saturated fatty acids to the TMC backbones primarily was based on the 1 H-NMR analysis for both the TMC and ATMC. Compared with 1 H-NMR spectrum of the 29,000 TMC2, the 1 H-NMR spectra of the 29,000 ATMC2s in Figure 1 show newemerged peaks at (ppm) 0.8-1.85 which were attributed to the -CH 2 and -CH 3 of the long-chain acyl substituents. However, a few differences H-NMR spectra among 29,000 TMC2DG, 29,000 TMC2LG, 29,000 TMC2MG, 29,000 TMC2PG, and 29,000 TMC2SG, this was explained by the different substitute degree in each compound. Further evidence supporting the efficient coupling reaction was obtained from the 13 C-NMR. Unlike 70,000 TMC1 and the 70,000 TMC2, 70,000 TMC1MG, and 70,000 TMC2MG show a 13 C-NMR signal at (ppm) 16.4 that was assigned to the methyl carbon (-OC-(CH 2 )n-CH 3 ) of the longchain acyl group and the signals at (ppm) 27.3, 38.1, and 39.7 were assigned to the methene carbons (-OC-(CH 2 )n-CH 3 ) of the acyl longchain. The chemical shifts observed for 162.7 and 164.7 were attributed to either the acid amide carbon (-NH-CO-) or the ester (-O-CO-) from long-chain acid chloride linking the -NH 2 or -OH of 70,000 TMC1 and 70,000 TMC2, respectively.
To determine whether some of the 1 H-NMR spectra and 13 C-NMR peaks were not due to some free acyl chlorides (or corresponding carboxylates) of the long-chain saturated fatty acids not fully removed, the samples were characterized with FTIR. No absorption peak for the carboxylic acid carboxyl group (1700 cm À1 ) was found in the IR spectra, indicating that no free long-chain carboxylic acid remained. The IR spectra of 70,000 TMC2DG, 70,000 TMC2LG, 70,000 TMC2MG, 70,000 TMC2PG, and 70,000 TMC2SG displayed intensive peaks at 2925, 2845, 1475, and 1383 cm À1 which were ascribed to -CH 3 and -CH 2 of longchain acyl groups of the long-chain saturated fatty acyl grafting on the amine and hydroxyl groups of TMC. Moreover, Some prominent bands at 1640 and 1550 cm À1 were observed and assigned to the carbonyl stretching of amide I band and amide II band, respectively. As DS increased, the intensity of the carbonyl stretching of amide I and amide II increased; these data support N-acylation. The absorption peak at $1730 cm À1 was also observed in other IR spectra, which was estimated to be due to O-acyl esters [20] .
All of the polymers synthesized by the coupling reaction between the long-chain saturated fatty acyl chloride and TMC were fully confirmed by 1 H-NMR, 13 C-NMR, and IR. The degree of substitution of long-chain acyl group of ATMC was calculated by 1 H-NMR using the ratio of the integral of the chemical shift of long-chain acyl group protons ( 0.8-1.85 ppm) to the integral of 1 H protons peaks ( 4.7-5.7 ppm) of chitosan (Table 1) .
Critical Micelle Concentration
The CMC was obtained by pyrene excitation spectra. Only small, even negligible, fluctuations appear in total fluorescence intensity at 334 nm at low levels of 70,000 TMC2MG (C5CMC); however, as the concentration of the polymeric amphiphile increased, the excitation intensity rose as well. At CMC a remarkable increase in the total fluorescence intensity and a red shift of the band from 334 to 338 nm was observed (Figure 2 ) due to the transfer of the pyrene molecules from an aqueous environment to the hydrophobic micelle cores. Shown in Figure 2 is the intensity ratio (I338/I334) of the pyrene excitation spectra versus the logarithm of the 70,000 TMC2MG concentrations. Based on the intensity ratio data, the CMC values of 70,000 ATMC2s were calculated to be from 0.028 to 0.038 mg/mL ( Table 2) .
The relationship of CMC to the structure of the 70,000 ATMC2s was examined. Three structure parameters, DS of quaternary amino group, long-chain acyl groups, and chitosan unit by mole per kilogram, were introduced. The different degrees of substitution, DS, (mol/kg) was calculated by the following equations: where MW( 70,000ATMC2s unit ) represented the molar weight of the 70,000 ATMC2s unit [22] . The obtained values of these three structural parameters are listed in Table 2 .
The absolute correlation coefficient (r) from the linear regression curves of log CMC vs DS of quaternary amino group (mol/kg) was greater than 0.9, which indicated a linear relative. But the correlation coefficient (r) of log CMC versus DS of long-chain acyl groups and chitosan unit (mol/kg) were within 0.9, due to the introduction of acyl groups of different carbon chain length into 70,000 TMC2.
Preparation and Characterization of Polymeric Cyclosporine A Micelles
Listed in Table 1 are the LC, EE, particle size and polydispersity of the CyA-loaded micelles. The LC and EC of ATMC micelles were 9.6-17.1% Figure 3 . As the carbon chain length of acyl groups increased, the LC increased and reached a maximal point before the value went down. The same tendency was also observed for the EE and particle size values (Figure 3 ).
Loading capacity of Cyclosporine a of chitosan derivative micelles The connection between the LC and EC of micelles and the structural properties of the polymers that self-assembly form them was also investigated. The TEM micrograph of the ATMC micelles is presented in Figure 4 , showing that ATMC was able to form nanoscale near-spherical micelles with slight deformation and aggregation. It was assumed that some structural properties of chitosan derivatives such as the methylation degree, long-chain acyl groups and molecular weight could play a role affecting the drug-loading capacity of the micelles. Thus an analysis of the variance of a single factor in every 2 series of chitosan derivatives was attempted.
A comparison of 70,000 ATMC1s and 70,000 ATMC2s indicated that greater CyA loading was attributable to a higher methylation degree. Although having a similar methylation degree, the 70,000 ATMC2s had better CyA loading ability than 29,000 ATMC2s; this may be a result of a greater molecule weight. Moreover, in each series of chitosan derivatives, the ATMC with myristyl acyl (C 14 ) had a maximal LC of drug. It seems that the acyl chain length that forms the core of solubilized micelles, in which the drug molecules can be incorporated, influences the entropically driven hydrophobic interactions. On the one hand, the shorter the chain of the saturated acyl group is, the more compact the micellar core is and hence the less efficient at solubilization. Although the longer hydrophobic segments enhanced the solubilization by increasing the partition coefficient, the solubilization capacity was lowered [1] . Consequently, the medium-sized long-chain acyl group (C 14 ) used in our study displayed the best CyA incorporation because the hydrophobic core provided a more suitable microenvironment for this hydrophobic agent. 
CONCLUSIONS
In summary, novel chitosan derivatives, N-acyl, O-acyl-N-trimethyl chitosan chloride (ATMC), were synthesized and confirmed by 1 H-NMR, 13 C-NMR and FT-IR spectra, respectively. The amphiphilic ATMC would self-assemble to form micelles in the aqueous solution and had good solubilization ability of CyA. In our experiment, chitosan derivatives of high methylation degree, medium-sized long-chain acyl group (C 14 ) , and large molecular weight had the best effect in loading CyA. So the ATMC micelle may be a promising carrier for poorly soluble drugs in drug delivery system.
